Pink micrococci (tetracocci) ultraresistant to radiation have been isolated from irradiated foods as sole survivors (1, 6, 18) . Concomitant efficient deoxyribonucleic acid (DNA) repair is the favored explanation of their radio-resistance (7, 21, 25, 29 ; N. E. Gentner, Fed. Proc. 32:1287, 1973) . Earlier defined media (5, 20, 24) were found by others and us to be inadequate for comparative purposes. We report here efficient defined media for representative pink radio-resistant tetracocci: Micrococcus radiodurans, Micrococcus roseus, and Micrococcus radiophilus. (A preliminary report was presented at the 76th Annual Meeting of the American Society for Microbiology, Atlantic City, N.J.,
1976.)
MATERIALS AND METHODS Organisms. Table 1 lists the tetracocci used. An ultraviolet (UV)-sensitive mutant of M. radiodurans and Micrococcus luteus served as radio-sensitive controls.
Chemicals. Chemicals were of the best commercial grade. Stock cultures. The conservation medium (Table  2 ) was distributed at 5 ml per screw-capped tube (100 by 25 mm), autoclaved at 121°C for 15 min, and kept in a slanted position in the autoclave until cool. Cultures were incubated at 30°C for 36 to 40 h, stored at 5°C, and transferred monthly. Conservation cultures lacking agar and supplemented with 10% glycerol retained viability for over 6 months at -20°C.
Defined media. Final defined media (Table 3) were reconstituted in warm water from four dry medium blocks which were stored frozen. Glutamic acid, glycerol, glycerophosphate, and acetate were added, and the pH was adjusted. Experimental media were distributed at 5 ml per 25 ml in Bellco borosilicate micro-Fernbach flasks fitted with polypropylene caps (since the tetracocci are intensely aerobic), placed in Pyrex utility trays, and autoclaved. After inoculation, each tray was covered with a duplicate inverted tray, and the joint was sealed with masking tape to minimize evaporation and air currents.
Inocula. Flasks were inoculated with 1 drop (0.05 ml) of a suspension prepared from slants of defined medium. Enough growth from the slant was suspended and diluted to an absorbance of 0.01 in 20 ml of salts buffer consisting of (grams per liter): NaCl, 2.5; KCI, 2.5; morpholinopropane sulfonic acid, 10.2; N-tris(hydroxymethyl)-methyl glycine, 0.02. The pH of the buffer was adjusted to 7.0 with tris-(hydroxymethyl)aminomethane. The RESULTS M. radiophilus did not grow in the initial slant conservation medium suitable for the other tetracocci. Supplementation with hemin and Fe permitted luxuriant growth after 24 h of incubation. In the new conservation medium (Table 2) , all strains grew from pH 6.7 to 7.2. Growth in broth reached absorbances of 3.0 to 4.0 after 24 to 48 h of incubation, respectively.
In our attempts to grow the strains on published defined media (5, 20, 24) , all strains grew sparsely and M. radiophilus grew not at all. We therefore set about to devise defined media for all strains, including M. luteus. The start-APPL. ENVIRON. MICROBIOL.
ing point of the improved medium was that of Raj et al. (24) . Favorable effects of Fe and hemin in the conservation medium suggested that Fe and metal inbalances might be critical. When the improved defined medium was thereupon supplemented with Fe and hemin (Table  4) , growth increased fivefold. Substitution of other Fe3+-transport agents resulted in four-to sevenfold increases in growth ( Table 5 ). The seeming indispensability of hemin vanished once the chelator:transition-metal ratio became more nearly optimal.
The defined medium was compounded as a broth. Its components were examined both individually and as part of a block of functionally related constituents to distinguish stimulations from absolute requirements. Log concentrations of individual nutrients (and of intact blocks) were plotted against linear absorbance units to (i) choose as objectively as possible a reasonable concentration and (ii) avoid the twin dangers of insufficiency on one side and toxicity on the other. The values in Table 3 depict, accordingly, the midpoint of those growth plateaus. All strains eventually could be grown to an absorbance >1.0. The minor differences among the strains (Table 3 )-pH optima, temperature optima, concentration of metabolites-could thus be grouped in a consistent fashion. The pH of these media did not shift more than 0.4 unit during growth. Buffering by glycerophosphate was clearly favorable. Elimination of glucose favored stabilization of pH during growth.
We tried to develop an elective medium which would enable isolation of radio-resistant tetracocci without imposition of radiation. Also, we examined sparing of the methionine requirement by cobalamin, for this feature was of potential taxonomic value and might be important for analysis of factors governing efficiency of DNA repair. Diverse growth patterns became manifest (Table 6 ). Cobalamin and methionine were interchangeable as an absolute requirement for M. radiodurans (and its UVsensitive mutant) and M. roseus. M. radiophilus had an absolute requirement for methionine not spared by cobalamin. M. luteus required neither.
DISCUSSION
The difficulty in obtaining extensive growth of these tetracocci may have partly resulted from inefficient Fe uptake since hydroxamates and hemin were favorable (17) . The elevated Fe requirement might correlate with elevated DNA repair since Fe is thought to be a cofactor for at least one enzyme of DNA synthesis (16 The high arginine and lysine requirements for optimal growth of M. radiophilus, as well as the preference of this organism for a pH above 8.0, presumably reflect an ecological specialization, but the ecology of these tetracocci is conjectural at this time. The pink radio-resistant tetracocci appear to constitute a coherent group from a nutritional viewpoint. This coherence is further supported by their guanine-plus-cytosine (G+C) ratios centering at about 67 mol% (13) ; M. radiophilus is somewhat higher, being 82 to 88 mol% (19) . This grouping of tetracocci [2, 13] ), whose nutritional pattern may not prove to differ importantly from that of radio-resistant tetracocci. The pink tetracocci had a limited salt tolerance: no growth occurred above 0.5% NaCl in crude or defined media. In contrast, the M. luteus isolated tolerated at least 5% NaCl (2, 12) . Information based on surface-membrane structure and chemical analysis suggest that M. radiodurans (26, 30) and M. radiophilus (27) differ from other tetracocci (2) . It has been suggested that superoxide dismutase activity is higher in M. radiodurans and M. radiophilus than in the somewhat less radio-resistant M. roseus (32) ; this was not examined in M. luteus and the radio-sensitive mutant.
A puzzle afflicts comparative studies: the basis for selection for all of these radiationresistant micrococci is survival despite levels of radiation which for ordinary bacteria are 100% lethal. Their survival, from much evidence, depends on a remarkably active DNA repair as borne out by (i) their resistance to chemical mutagens (29) and (ii) their high concentration of DNA-repair enzymes (7, (23) ? Present information hardly permits formulation of a selective medium for pink radiation-resistant tetracocci without benefit of radiation or radiomimetic compounds. Interestingly, the red obligate halophiles are radiation resistant (4, 16) and have been isolated thanks to their halophily. The typical, i.e., extreme red, halophiles thrive under direct tropical sunlight in their natural environment (4). They provide an example of isolation of radio-resistant bacteria without the laboratory use of radiation. No extant "wild-type" radiation-resistant tetracoccus may exist for, in evolutionary pressure towards filling this ecological niche, radio-sensitive forerunners may have become extinct. Pink or red organisms have been isolated from Greenland and Ontario snow surfaces (8, 9) , and extreme halophilic bacteria characterize salterns (4, 16); radio-resistant pseudomonads and yeasts have been isolated from rice grains (10, 11) and radioactive hot springs (31)-all subject to sunlight or to intense radioactivity. Intense carotenoid redness (14) , presumably evolved for efficiency as electron sinks in quenching radiation-induced free radicals, seems to be one condition for radiation resistance. Other factors include efficient DNA repair as already noted, intracellular milieu, and protective environmental factors (3). The survival of red halophiles on tropical salt mounds may signify that external factors are less important than intracellular factors for some red radio-resistant microorganisms.
